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32 Abstract. Thin films of CoxCuyOz  have been coated on 
33 aluminium   substrates   via   sol-gel   route   using   low 
34 concentration of copper and cobalt precursors at anneal- 
35 ing temperatures in range of 500°C - 650°C. The coatings 
36 were characterized by X-ray diffraction (XRD), X-ray 
37 photoelectron spectroscopy (XPS), UV-Vis-NIR spectro- 
38 photometry and nanoindentation. The XRD analysis in 
39 2θ-range of 30°-42° revealed that the coatings exhibited 
40 low crystallinity of CoCu2O3, CoCuO2 and CuCoO2. The 
surface bonding structure analyzed using XPS indicated 
41 that  the  coating  contained:  Cu  (tetrahedral  Cu+   and 
42 octahedral Cu2+), Co (octahedral Co3+  , tetrahedral Co2+ 
43 and  mixed  Co2+   and Co3+),  and  O  (lattice, surface and 
44 sub-surface oxygens). The optical  properties characteri- 
45 
46 
47 
48 
49 
1 Introduction Cobalt and copper mixed oxides have 
50 
found widespread applications such as catalyst for many 
51 
important   reactions   (e.g.   oxygen   evolution   reactions 
52 
(OER), the Fischer−Tropsch process, etc.) and as thermoe- 
53 
lectric materials [1-4]. The physicochemical, electrochemi- 
54 
cal, magnetic, conductivity and thermal properties have 
55 
been substantially studied by various researches [5-8]. A 
56 
major conclusion reached is that the chemical nature and 
57 
the compositions of the precursors, as well as the annealing 
58 
treatments influence the properties of these mixed oxides 
59 
60 
61 
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zed using UV-Vis-NIR showed that the reflectance 
spectra of coatings formed a spectrally solar selective 
absorber profile associated with the interference peaks 
and  the absorption  edges around wavelengths of below 
1.2 µm. The maximum absorptance (α =75.8%) was 
shown by coating synthesized at 500 °C. The mechanical 
properties of coatings showed that the increase of 
anealling temperature  increased  the  coating’s  hardness 
(H)  and the elastic modulus (E) due to the enhancement 
of the [CoCuO2/CuCoO2]:[CoCu2O3 ] oxide phases ratio, 
as the result, an excellent stability of the wear resistance 
(H/E) of around ~0.035 was recorded. 
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i.e properties are influenced by the preparation method [1, 
3, 5, 9, 10]. The term “Co and Cu mixed oxides” will be 
denoted by CoO/CuO for short in the rest of the manu- 
script. 
The surface chemical activity and selectivity of the 
CoO/CuO are markedly affected by the precursors 
composition that provide a high surface area as well as 
small and fairly uniform particle sizes which enhance the 
production of a well interdispersed CoO/CuO state. 
Further, the interdispersed state in the mixed oxides system 
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2 
3 may interact giving rise to synergetic effects [10]. In the 2.2 Characterizations  Minerlogical  properties  of 
4 case of the spinel-type of CoO/CuO, the precursor ratio the thin films coatings were characterized using a Bruker 
5 and the annealing temperatures influence the formation of Advance D8 X-Ray Diffractometer (XRD) equipped with a 
6 the  major  crystall  structure  and  separate  minor  phases Lynx-Eye detector Cu-tube and operated at 40kV/ 40mA 
7 composed  of  new  cobalt  and/or  copper  oxides  [1,  9]. [11,  12].  The  X-ray  photoelectron  spectroscopy  (XPS) 
8 Normally  the  degree  of  crystallinity  of  the  phases  in (Kratos Axis Ultra XPS spectrometer, Manchester, UK) 
9 CoO/CuO  increases  with  rising  annealing  temperature. with Al Kα radiation (hν = 1486.6 eV) was used to probe 
10 However  a  decrease  in  the  degree  of  crystallinity  is the surface compositions and chemical bonding structures 
11 observed in phases synthesized from low copper precursor of coatings. For quantification analysis, the CASA XPS 
12 concentration [8]. (V.2.3.15) software was utilized using Shirley background 
13 Apart  from  the  previous  mentioned  properties,  the subtraction. Jasco V-670 double beam UV–Vis-NIR spec- 
14 optical and mechanical properties of cobalt-copper mixed trophotometer with integrating sphere was used to obtain 
15 oxides coatings are comparatively less studied. In our pre- the reflectance spectra of samples in wavelengths range of 
16 vious work we studied the physico-chemical properties of 0.3 to 2.7 µm. The solar absorptance value was calculated 
17 cobalt-based mixed metal oxide (MxCoyOz  with M=Mn, based  on  the  AM1.5  standard  as  described  in  Duffie- 
18 Cu,  Ni)  and  CoxCuyOz-SiO2   coatings  on  Al  substrate Beckman [13]. 
19 synthesized via sol-gel method at anealling temperature of The  mechanical  properties  of  film  coatings  were 
20 500C. The optical properties of the coatings exhibited dis- characterized using nano-indentation workstation (Ultra- 
21 tinctive spectral selectivity in the solar wavelengths region Micro Indentation System 2000, CSIRO, Sydney, Austral- 
22 (<2.5  µm)  making  them  promising  material  for  solar ia) equipped with a Berkovich indenter. Nano-indentation 
23 selective absorber (SSA) aplications [4,7]. In present work test was conducted under load control with a maximum 
24 we  synthesize  CoxCuyOz   thin  film  coatings  via  sol-gel load  of  0.5mN,  under  which  the  maximum  penetration 
25 process  using  low  concentration  of  [Cu]  and  [Co]  sol depth was found to be less than 10% of the film thickness. 
26 precursor (<0.2M). We investigate the effects of various It was carried out to ensure that only the film properties 
27 annealing temperatures on the structural, surface electronic were measured. For each test, 10 incremental and 10 dec- 
28 compositions,  optical  and  mechanical  properties  (wear remental steps were used. For each sample, 30 measure- 
29 resistance) of the coatings. The synthesis conditions were ments were taken, and then the results were averaged and 
30 optimised   to   obtain   an   improvement   of   mechanical the standard deviation was evaluated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
31 stability  and  reproducibility  of  SSA  optical  coatings. 
32 Throughout   the   studies   we   found   that   the   coatings 
33 synthesized using a low concentration of sol precursors 
34 (thereby  enhancing  cost-effectiveness  of  the  coatings) 
35 underwent the increase of the 
36 [CoCuO2/CuCoO2]:[CoCu2O3] oxide  phases ratio  as the 
37 annealing  temperature  was  increased,  and  this  has  a 
38 positive impact to retaining the wear resistance (hardness 
39 (H)  per  elastic  modulus  (E),  H/E)  of coating  from the 
40 degradations. 
41 
42 
43 2 Material and methods 
44 2.1 Samples preparation A series of cobalt copper 
45 oxide  thin  film  coatings  tandem  on  Al  substrates  was 
46 synthesized via simple sol-gel dip-coating route as follows. 
47 Cobalt chloride and copper acetate were mixed in absolute 
48 ethanol, with the addition of propionic acid to form cobalt 
49 chloride  (0.15  M)  and  copper  acetate  (0.15  M)  mixed 
50 solutions. The mixed solutions was then stirred for 2 hours 
51 before being deposited on the clean aluminium substrates 
52 using a dip-coater at withdrawal rate of 120 mm/min and 
53 subsequently dryed on a hot plate at 150°C for 10 seconds. 
54 The optimized four times dip-drying cycles were carried 
55 out  before  final  atmospheric  annealing  at  temperatures 
56 ranging from 500 °C to 650 °C for 1 hour. The maximum 
57 heat treatment was limited due to the significant decrease 
58 of mechanical   strengths   on   aluminum   substrat   at 
59 temperature above 670 °C. 
60 
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3 Results and discussion 
3.1. Structural analysis Figure 1 shows the XRD 
patterns of the samples synthesized at different annealing 
temperatures. The overall XRD spectra are shown in Fig- 
ure 1a. The peaks at ca 45° are from the Al substrate [from 
comparison to XRD spectra of the substrate]. Figure 1b 
shows the spectra in the range 30° – 42°with a magnified 
scale of the intensity. The peaks in this range are due to the 
mixed oxides coating clearly indicating the crystallinity of 
observed phases. 
 
 
Figure 1. (a). XRD patterns of the cobalt-copper coatings depos- 
ited on aluminium substrate at different annealing temperatures, 
(b). Expanded XRD patterns within the region of 30-42° 
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 x y z 1 
Cu 0.00 0.00 0.00 1a - 
Co 0.50 0.50 0.50 1b - 
O 0.11 0.11 0.11 2c x = 0.11 
O 0.89 0.89 0.89 2c x = 0.11 
 
3 
 
1 
2 
13 
24 
35 
46 
57 
68 
79 
180 
191 
1120 
1131 
1142 
1153 
 
 
Based on the peak’s positions, intensities, d-spacing 
and ICDD databases, peaks at 35.9° (011), 36.9° (310) and 
40.3° (301) (denoted “▼”) are due to CoCu2O3 (ICDD 76- 
0442) (Fig. 1b). The intensity and crystallinity of the (301) 
direction increases extensively as the annealing tempera- 
ture is increased from 500 °C to 650 °C suggesting a 
preferred orientation and increased domain size in this di- 
rection. The peaks at the approximately 38° - 39° range and 
31.3° range are assigned to mixed phases of CoCuO2  and 
CuCoO2 (denoted “”) (ICDD 74-1855 and 21-0256 
respectively). 
 
Table 1 Crystal structures for some cobalt copper oxides 
 
 
spin-polarized PAW-GGA functional [16], van der Waals 
correction by Grimme [17], and a Gaussian smearing. To 
ensure convergence results, all stages used plane wave cut 
off energy of 500 eV. Completion of iterations entailed 
tolerances of less than 0.1 meV for energy and less than 
0.05 eV/Å for atomic forces. Lattice parameters from liter- 
ature values (ICDD), our XRD experiment data and VASP 
simulations are tabulated in Tables 1-3. The CoCu2O3 is a 
type of spin ladder crystal [18, 19]. It is seen in Table 1, 
the lattice parameters from three sources (ICDD, our XRD 
and VASP) are in good agreement. 
1164 
1175 
 
Crystal 
No. of atoms 
in a unit cell 
Space 
group 
a (Å) b (Å) c (Å) () Z 
1186 
1197 
2108 
2119 
2220 
 
CoCu2O3 
 
CoCuO2 
or 
Co=2, 
Cu=4, 
O=6 
Co=1, 
Cu=1, 
 
Pmmn (59) 
 
 
R-3m (166) 
9.41^ 
9.27* 
9.62# 
5.95~ 
5.95* 
3.98^ 
3.94* 
4.05# 
3.20^ 
3.24* 
2.99# 
 
2 
 
27.7~ 
27.14* 1 
2231 
2242 
2253 
2264 
2275 
2286 
   CuCoO2  O=2  5.88†  28.07†   
 
^ XRD database ICDD 76-0442;    ~ XRD (ICDD 74- 1855); 
† simulated using VASP, with k-points 5 × 5 × 5; 
* calculated from our XRD experiment data; 
# simulated using VASP, with k-points 4 × 8 × 10. 
 
2297 
3208 
The percentage proportion of the 3 main oxide phases 
can be approximated from the intensity and width profiles 
Table 3 Atomic positions for CoCuO2  or CuCoO2  in fractional 
coordinate 
2 
 
3219 
3320 
3331 
3342 
3353 
3364 
of the CoCu2O3 and CoCuO2 / CuCoO2 peaks. At the high- 
est annealing temperature of 650°C we approximate a 
[CoCuO2 / CuCoO2 ] : [CoCu2O3 ] oxide phases ratio of 
3:2. A similar analysis of our previous work using higher 
[Co] and [Cu] sol precursors (0.25 M for each) showed a 
[CoCuO2/CuCoO2 ]:[CoCu2O3 ] ratio of 1:1 [14]. 
site parameter 
3375 
3386 
 
Table 2 Atomic positions for CoCu2O3 in fractional coordinate.   
x y z site1 parameters2 
1Site in the International Tables for Crystallography no. 166, p. 547. 
2Obtained from VASP simulation. 
3397    3.2. Surface electronic structure The Cu 2p XPS 
4308 
4319 
4420 
4431 
4442 
4453 
4464 
4475 
4486 
4497 
5408 
5419 
5520 
5531 
5542 
5553 
5564 
5575 
5586 
5597 
60 
61 
Co 0.25 0.25 0.42 2a z = 0.42 
Co 0.75 0.75 0.58 2a z = 0.42 
Cu 0.08 0.75 0.85 4f x = 0.08, z = 0.85 
Cu 0.42 0.75 0.85 4f x = 0.08, z = 0.85 
Cu 0.58 0.25 0.15 4f x = 0.08, z = 0.85 
Cu 0.92 0.25 0.15 4f x = 0.08, z = 0.85 
O 0.12 0.25 0.95 4f x = 0.12, z = 0.95 
O 0.38 0.25 0.95 4f x = 0.12, z = 0.95 
O 0.62 0.75 0.05 4f x = 0.12, z = 0.95 
O 0.88 0.75 0.05 4f x = 0.12, z = 0.95 
O 0.25 0.75 0.50 2b z = 0.50 
O 0.75 0.25 0.50 2b z = 0.50 
1Site in the International Tables for Crystallography no. 59, p. 293. 
2Obtained from VASP simulation. 
 
Crystal structures of the identified phases were 
analyzed based on the space group information from the 
ICDD data, International Tables for Crystallography [15], 
and simulation using VASP code. Simulation methodology 
comprises  plane-wave  density  functional  theory  (DFT), 
 
spectra of CoO/CuO films synthesized at different anneal- 
ing temperatures are shown in Figure 2. All of the spectra 
show two main peaks of Cu 2p3/2 and Cu 2p1/2 and satellites 
on the high energy side of these two main peaks. The sepa- 
ration between the Cu 2p1/2 and Cu 2p3/2 peaks slightly in- 
creases as the temperature is increased from 500°C to 
650°C. This subtle increase from 19.7 eV to 19.85 eV indi- 
cates the existence of a low oxidation state of copper, 
while the satellite peaks indicate the presence of Cu2+ and 
an open 3d9 shell [20]. 
Figure 3 shows the decoupling of Cu 2p3/2 peaks and 
the satellites at different annealing temperatures. Table 4 
lists the binding energies and the percentages of the four 
components from the decouplings. Generally, the increase 
of annealing temperature does not change the Cu bonding 
structure significantly. The percentages for the tetrahedral 
Cu+ ions and the octahedral Cu2+ ions are observed to be 
relatively equal (approx. 1:1 ratio) except for coating syn- 
thesized at 500°C which has a much higher percentage of 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Figure  2 Cu  2p  XPS  spectra  of  copper  cobalt  thin  film 
19 
coatings synthesized at different annealing temperatures 
20 
21 
tetrahedral Cu+  (approx. 2:1 ratio). Increasing annealing 
22 
temperature tends to decrease the number of tetrahedral 
23 
Cu+ ions. 
24 Figure 4, shows plots of the intensity ratios of Cu 2p3/2 
25 satellite to Cu 2p3/2 main peak (Isat/Imain) and the separation 
26 
distance between the satellite and main peak. Overall the 
27 
trend is an increase in the intensity ratio and a decrease in 
28 
the separation distance as the annealing temperature varies 
29 
from 500 °C to 650 °C. According to the Sawatzky theory 
30 [21], the shorter separation between the Cu 2p3/2  line and 
31 its satellite peak, and the higher Isat/Imain  ratio points to a 
32 
decrease in the covalent character of the Cu-O bond in 
33 
CoO/CuO coatings as compared to CuO [9]. 
34 
The XPS profile of Co 2p spectra of the CoO/CuO coat- 
35 
ings are shown in Figure 5. All spectra have two main 
36 
37 peaks, namely Co 2p3/2  and Co 2p1/2, with their satellites 
38 located on the high energy sides of the main peak. Even 
39 though  the intensities  ratio  of  Co  2p1/2   to  Co  2p3/2   for 
40 all coatings are relatively similar, the separations between 
41 Co 2p3/2 and Co 2p1/2 peaks  owing to the spin-orbit split- 
42 ting are   still   different. The spin-orbit splittings for the 
43 samples annealed at 550 °C and 600 °C are   ~16.1 eV, 
44 while that for samples annealed at 500°C and 650 °C are 
45 ~15.9 eV. However, this evidence could correspond to the 
46 Co
2+  ions  confirmed  by  the  presence  of  characteristic 
47 satellites in between of Co 2p3/2 and Co2p1/2. 
48 Besides the presence of cobalt ions in a partial spinel- 
49 type lattice arrangement, the relatively low intensities of 
50 satellites detected at 786 eV also indicate the presence of 
51 Co
2+ ions mixed with Co3+  ions [5]. The existence of this 
52 ions mixing is confirmed by the asymmetry of Co 2p1/2 
53 peaks [14]. 
54 Figures 6.a-d show the decoupling of the Co 2p3/2 peaks 
55 and their satellites resulting in five curve-fitted compo- 
56 nents.  The  peaks  at  around  780  eV  (denoted  “ii”)  are 
57 mostly due to the mixed Co(II,III) bonding states whereas 
58 the component with binding energy lower than 780 eV 
59 (denoted “i”)  are  predominantly  attributed  to  Co
3+  in 
60 
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Figure 3 Decoupling of Cu 2p3/2 peaks of copper cobalt thin 
film coatings synthesized at different annealing temperatures. 
 
octahedral coordination and the components with binding 
energy of Co 2p3/2 greater than 780 eV with a shake-up 
satellite are the characteristics of Co2+ in tetrahedral coor- 
dination. Table 5 represents  the details of binding energy 
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5 
 
1 
2 
13 Table 4 The curve-fittings results of Cu 2p3/2 and its satellites of 
24 copper cobalt films synthesized at different annealing tempera- 
35 
tures   
46 
Annealing Binding energy and percentage 
57 
temperature   Cu 2p3/2   Satellite Satellite 
68 
 photoelectron line I II   
79 
180 
191 
1120 
1131 
1142 
500 °C 932.4 eV 
(61.7 %) 
550 °C 932.2 eV 
(40.3 %) 
600 °C 932.3 eV 
(36.9 %) 
650 °C 932.3 eV 
933.5 eV 
(29.05 %) 
933.35 eV 
(40.7 %) 
933.5 eV 
(41.8 %) 
933.6 eV 
940.6 eV 
(5.0 %) 
940.5 eV 
(10.9 %) 
940.4 eV 
(11.5 %) 
940.4 eV 
943.1 eV 
(4.3 %) 
943.0 eV 
(8.1 %) 
943.0 eV 
(9.7 %) 
943.0 eV 
1153   (43.45%)  (37.3 %)  (10.8 %)  (8.4 %)   
1164 
1175 
1186 
1197 
2108 
2119 
2220 
2231 
2242 
2253 
2264 
2275 
2286 
2297 
3208 
3219 
3320 
3331 
3342 
3353 
3364 
3375 
Attributions: Tetrahedral 
Cu+ 
Octahedral 
Cu2+ 
Cu2+ characteristic 
satellites 
3386 
3397 
4308 
4319 
4420 
4431 
4442 
4453 
4464 
4475 
4486 
4497 
5408 
5419 
5520 
5531 
5542 
5553 
5564 
5575 
5586 
5597 
60 
61 
Figure  4  Cu  2p3/2   satellite  intensity  to  Cu  2p3/2   main  peak 
intensity ratio (Isat/Imain)  values  with the increase of annealing 
temperature (a), and the distances between the Cu 2p3/2  line and 
its satellites peak with the increase of annealing temperature from 
500 °C to 650 °C. 
 
 
Figure 5 Co 2p XPS spectra of copper cobalt thin film coatings 
synthesized at different annealing temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Decoupling of Co 2p3/2 peaks and their sattelites of 
copper cobalt thin film coatings synthesized at different 
annealing temperatures. 
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i ii iii iv v 
 
778.9 eV 
(7.1 %) 
 
779.9 eV 
(19.1 %) 
 
781.4 eV 
(45.4 %) 
 
786.0 eV 
(19.85 %) 
 
788.3 eV 
(8.6 %) 
778.8 eV 
(10.2 %) 
779.7 eV 
(16.4 %) 
781.2 eV 
(46.3 %) 
785.8 eV 
(18.6 %) 
788.1 eV 
(8.6 %) 
778.9 eV 
(9.0 %) 
779.8 eV 
(22.3 %) 
781.4 eV 
(41.0 %) 
785.7 eV 
(18.1 %) 
788.2 eV 
(9.6 %) 
778.8 eV 779.8 eV 781.6 eV 785.6 eV 788.0 eV 
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1 
2 
3 Table 5  Binding energies and percentages of decoupling results 
4   of Co 2p3/2 peaks   
5 Binding energy and percentage 
6 Anne- 
7 aling 
8 
9 
10 
500 °C 
11 
12 
550 °C 
13 
14 
15 600 °C 
16 
17 650 °C 
Co 2p3/2 photoelectron line satellites 
18  (11.7 %) (25.0 %) (34.2 %) (18.6 %) (10.5 %)   
19 Attri- 
20 butions 
Octa- 
hedral 
 
Co(II,III) 
Tetra- 
hedral 
Co(II) characteristic 
satellites 
  Co(III) Co(II)   
21 
22 
and the percentages of each component. It is also seen in 
23 
all the samples, the tetrahedral Co2+  ions are prominent, 
24 
and  the  increase  in  temperature  tends  to  decrease  the 
25 
number of Co2+ ions. In the case of CoO/CuO system, the 
26 
Co2+  ions are partially substituted by Cu2+  ions [1, 10] 
27 
forming copper–cobalt oxide structures [5]. 
28 
The curve fitted O 1s XPS spectra of CoO/CuO film 
29 
coatings are presented in Figure 7a-d. Generally, there is 
30 
relatively no change in the oxygen surface compositions 
31 
when  the  coatings  were  treated  at  different  annealing 
33 temperatures from 500 °C to 650 °C. In each sample, the 
34 spectrum shows a strong peak around  529.3 eV  with  an 
35 apparent  shoulder  at  the  higher  binding  energy  side 
36 (denoted X). 
37 The four components are results from decoupling of 
38 each  photoelectron  spectrum. The components at binding 
39 energy (BE) of around 529.2-529.5 eV (denoted “i”) are 
40 due to lattice O
2- in the structure whereas at BE of around 
41 530.4-531.4 eV (denoted “ii” and “iii”) may be attributed 
42 to  the  surface  oxygen  from  a  wide  variety  of  species 
43 (chemisorbed oxygen O
-, oxygen containing surface con- 
44 tamination, and/or OH-like species, as hydroxyl, carbonate 
45 groups, etc.) [1, 5, 9, 22-25]. The sub-surface O
- specieses 
46 are also observed at BE around 532.1-532.4 eV (denoted 
47 “iv”) [26, 27]. The features exhibited by the shoulders at 
48 the high energy side of the O 1s main peaks are the charac- 
49 teristics of the copper-cobalt mixed oxides family which 
50 distinguish them from O 1s of Co3O4 in single component 
51 [1]. 
52 
53 3.3. Optical properties The absorptance (α) value is 
54 the  basic  characterization  of  the  optical  properties  of 
55 CoO/CuO  coatings  on  Al  substrate  (absorber-reflector 
56 tandem system). It can be measured in terms of reflectance 
57 as described by Duffie and Beckman [13]. High spectral 
58 reflectance  indicates  low  absorptance  and  vice  versa. 
59 Figure 8 shows the reflectance spectra and the 
60 
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Figure 7 O 1s XPS spectra and curve-fittings of copper cobalt 
thin film coatings synthesized at different  annealing 
temperatures. 
 
corresponding solar absorptance values of coatings on 
highly reflective aluminium substrates synthesized at dif- 
ferent annealing temperatures. 
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Figure 8 Reflectance spectra with solar absorptance of 
copper–cobalt oxide thin film coatings on reflective aluminium 
substrates synthesized at different annealing temperatures. 
 
Generally, the coatings exhibit low reflectance with 1 
or 2 minor maxima below 1.5 µm and moderate to high 
reflectance above 1.5 µm which form the basis of a solar 
selective absorber profile. In the absorber-reflector tandem 
system, low reflectance spectra at lower wavelengths are 
attributed to the interactions between the incoming solar 
radiation and the coating material. In this area, most of the 
incoming solar radiation will be absorbed by the coating 
surface. There are maxima/minima in the low wavelengths 
area consisting of the interference peaks (labelled “*”) and 
the absorption edges (labelled “#”) below 1.2 µm. For 
coatings synthesized at 650 °C, it is apparent that more 
than one interference peak and one absorption edge were 
found. This may associated with the change of oxide 
phases ratio as elucidated in the previous structural section 
(Section 3.1.). 
In terms of temperature change, the interference peaks 
and the absorption edges positions tend to raise with the 
increase of annealing temperature that eventually lowers 
the solar absorptance up to 10%. Figure 9 is a plot of Ab- 
sorptance vs Temperature and clearly shows a decrease in 
absorptance as temperature increases. This indicates that 
the higher the heating temperature, the smaller the ability 
of coating material to absorpt the UV-Vis light with little 
influence on NIR light. The phenomena in this temperature 
range can be utilized for absorptance tuning without much 
change in the NIR absorption. The moderate to high 
reflectance spectra seen above 1.5 µm are mainly 
attributed to the interactions between the transmittant 
incoming infrared radiation and the reflective aluminum 
surface. Basically, for coatings with similar thicknesses, 
the reflectance profiles above 1.5 µm featured in Figure 8 
are due to the resultant transmitted infrared beam via coat- 
ing material (akin to semiconductor properties) and its re- 
flection back by the substrate surface. 
 
 
 
Figure 9 The absorptance versus the annealing temperatures 
 
3.4. Nanoindentation tests Figure 10 shows the 
elastic modulus (E), hardness (H) and H/E of the coatings 
caharacterized via nanoindentation tests. There is a desired 
impact on the mechanical properties of the coating layer 
where both the elastic modulus and the hardness increase 
with increasing annealing temperature, especially for 
coatings synthesized above 550°C. Both the elastic modu- 
lus and the hardness of these coatings were increased up to 
20% above 550 °C. The associated errors in both the mod- 
ulus and hardness data are attributed to the porosity and the 
surface roughness factors of the coatings [4, 12, 14]. 
 
 
Figure 10 Mechanical properties of the deposited coatings 
obtained from the  nanoindentation tests, (a) elastic modulus, 
(b) hardness, and (c) H/E. 
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1 
2 
3 The  parameter  H/E  is  used to  predict  the  wear 
4 resistance  of  the  thin  film  coatings  [28].  The  wear 
5 resistance is an important factor in the performance   and 
6 function   of   the optical coatings during their operations 
7 where mechanical contacts are always expected [29]. No 
8 significant  changes  in  H/E  were  found  after  the  heat 
9 treatment of the coatings. The wear resistance values tend 
10 to be stable at 0.035. It is a surprise getting stable wear 
11 resistance   of   coatings   synthesized   using   a   low   sol 
12 precursor concentration (Figure 10c) due to the increase in 
13 the hardness, as the increase of temperature is followed by 
14 an increase of elastic modulus proportionally. It is different 
15 from our previous report [14] where the critical point of 
16 the overall wear resistance deflation was at temperature of 
17 650
oC. If it is linked to the  structural analysis, it is clear 
18 that the enhancement of [CoCuO2/CuCoO2 ]:[CoCu2O3  ] 
19 oxide phases ratio indicated at annealing temperature of 
20 650
oC in this report  has a direct impact to retain the wear 
21 resistance   from   degradations.   Table   6   describes   the 
22 qualitative   differences   of   structural   and   mechanical 
23 properties of between the present and the previous work 
24 [14] for annealing temperature of 650 C. Overall, coatings 
25 prepared in this work are envisaged to have superior wear 
26 resistance compared to the aluminum substrate 
27 (H/E=0.011) [4, 14]. 
28 
29 Table VI Qualitative differences between present and previous 
30 work for the 650 C annealing temperature 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 Conclusions 
46 Cobalt and copper mixed oxides thin films have been 
47 coated on aluminum substrate via sol-gel route using low 
48 concentration of copper and cobalt sol precursors (thereby 
49 enhancing cost-effectiveness of the coatings). The coatings 
50 exhibited  a  low  crystallinity  of  CoCu2O3,  CoCuO2  and 
51 CuCoO2.  The surface bonding structure analysis indicated 
52 that the surface contained tetrahedral Cu+  and octahedral 
53 Cu2+, octahedral Co3+, tetrahedral Co2+ and mixed Co2+ and 
54 Co3+, as well as lattice, surface and sub-surcafe oxygens. 
55 The   observed   optical   properties   exhibited   distinctive 
56 spectral selectivity in the solar wavelengths region (<2.5 
57 µm).  Throughout  this  study  we  found  that  coatings 
58 synthesized   at   low   concentration   of   sol   precursors 
59 
60 
Copyright line will be provided by the publisher 
61 
 
 
exhibited a favourable stable wear resistance (H/E) at high 
operating temperatures due to the change of the 
[CoCuO2/CuCoO2 ]:[CoCu2O3 ] oxide phases ratio as the 
annealing temperature was increased. 
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